We present a comparative theoretical study of magnetic resonance within the polaron pair recombination (PPR) and the triplet exciton-polaron quenching (TPQ) models. Both models have been invoked to interpret the photoluminescence detected magnetic resonance (PLDMR) results in π-conjugated materials and devices. We show that resonance lineshapes calculated within the two models differ dramatically in several regards. First, in the PPR model, the lineshape exhibits unusual behavior upon increasing the microwave power: it evolves from fully positive at weak power to fully negative at strong power. In contrast, in the TPQ model, the PLDMR is completely positive, showing a monotonic saturation. Second, the two models predict different dependencies of the resonance signal on the photoexcitation power, PL. At low PL, the resonance amplitude ∆I/I is ∝ PL within the PPR model, while it is ∝ P 2 L crossing over to P 3 L within the TPQ model. On the physical level, the differences stem from different underlying spin dynamics. Most prominently, a negative resonance within the PPR model has its origin in the microwave-induced spin-Dicke effect, leading to the resonant quenching of photoluminescence. The spin-Dicke effect results from the spinselective recombination, leading to a highly correlated precession of the on-resonance pair-partners under the strong microwave power. This effect is not relevant for TPQ mechanism, where the strong zero-field splitting renders the majority of triplets off-resonance. On the technical level, the analytical evaluation of the lineshapes for the two models is enabled by the fact that these shapes can be expressed via the eigenvalues of a complex Hamiltonian. This bypasses the necessity of solving the much larger complex linear system of the stochastic Liouville equations. Our findings pave the way towards a reliable discrimination between the two mechanisms via cw PLDMR.
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I. INTRODUCTION
Over the years, optically detected magnetic resonance (ODMR) has proven to be a powerful tool for the study of spin-dependent recombination and dissociation processes, both in inorganic [1] [2] [3] and in organic 4 semiconductors. High sensitivity, exceeding the sensitivity of conventional electron spin resonance by about six orders of magnitude, renders ODMR the tool of choice when it comes to π-conjugated polymers, 4 where the density of spin carriers is small. Photoluminescence detected magnetic resonance (PLDMR), being a subset of ODMR, has an advantage as it provides the most straightforward probe of the radiative singlet exciton population and quantum yield of the material. [4] [5] [6] [7] Besides, this method is suitable for probing the bulk of a photoluminescent material without the necessity of device fabrication.
Two different models have been employed to explain PLDMR results in π-conjugated materials. The double modulation PLDMR experiment 6 advocated the quenching model based on the spin-dependent reaction between triplet excitons and polarons (TPQ). On the other hand, the experimental study of the frequency dependence of the in-phase component of PLDMR 7 employed the polaron pair recombination model (PPR). Subsequent publications invoked both the TPQ model 8, 9 and the PPR model, 10 for the interpretation of results obtained for the same material, polymer MEH-PPV.
In order to distinguish between the two models, pulsed PLDMR experiment were conducted, 11 in which Rabi beats of PLDMR in MEH-PPV and its deuterated variant were explored. The results appear to reveal the fingerprints of both the PPR and the TPQ mechanisms. Hence, for conclusive discrimination, additional continuous wave PLDMR measurements revealing the nature of the underlying spin-dependent processes are desirable. Equally, theoretical predictions of the differences in the PLDMR within the two models are highly desirable. That is the goal of the present paper. To achieve this goal, we employ the stochastic Liouville equations for the density matrix to calculate analytically the resonance lineshapes and saturation within the PPR and TPQ models. We show how the difference in the underlying spin dynamics translates into very different dependencies of the PLDMR on the optical excitation intensity. Also, within the PPR model, the lineshape is predicted to be very peculiar, with a peak precisely at the resonant frequency evolving into a minimum at higher microwave power.
Our results on the dynamics of the spin pairs within the PPR model agree with the predictions based on the analysis of eigenmodes for the calculation of transport, 12, 13 and with a direct analytical solution of the Liouville equations.
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We consider the regime relevant to fluorescent π-conjugated polymers (very close electron and hole polaron g-factors, relatively strong hyperfine interaction, relatively slow PPR from the singlet PP state, relatively slow annihilation of triplet excitons from doublet tripletpolaron state, relatively long spin coherence times, weak exchange, and weak dipolar interaction between PPs or triplet exciton-polaron spins, etc.)
Our analytical results can be directly generalized to include a broader class of ODMR techniques, as well as other detection methods, e.g., electrical, reaction yield, and capacitance measurements. In this connection, notice the similarity between our results for the PPR model and those observed in recent transport 16 and dielectric polarizability 17 studies. The established substantial differences between the predictions of the PPR and TPQ models can enable the differentiation of the two mechanisms in interpretation of continuous wave PLDMR results.
II. THE POLARON PAIR RECOMBINATION MODEL
A. Qualitative picture
The PPR model is illustrated in Fig. 1 . The processes involved are the generation of weakly coupled PPs at rate g, their dissociation with at rate k d , and recombination from the singlet pair state at rate k r . 18 The latter process constitutes the reaction,
between the electron and hole polarons, P e and P h respectively, yielding a singlet exciton, S. Thus, the spinselective recombination is incorporated as the restriction that Eq. (1) can occur only for singlet PPs, i.e., for triplet PPs it is forbidden. In an applied static magnetic field, B 0 = B 0ẑ , the electron-and hole-polaron spins occupy the Zeeman levels, ± 1 2 γB 0 , where γ is the polaron gyromagnetic ratio (we assume equal gyromagnetic ratios for the electronand hole-polarons). The resonant microwaves couple the Zeeman levels of individual spins and, correspondingly, the triplet PP levels. On the other hand, random hyperfine fields created by the nuclei (almost entirely hydrogen protons) at electron-and hole-polaron sites induce interconversion between the singlet and triplet PP levels. Characteristic magnitudes of these hyperfine fields b hf,e and b hf,h are different in general and define two distinct hyperfine frequencies, ω hf,µ = γb hf,µ , µ = e, h.
If the pair spins are uncorrelated the populations of individual Zeeman levels in the microwave drive field B 1 (t) = 2B 1 cos(ωt)x oscillate with Rabi frequencies
where ω 1 = γB 1 is the microwave drive amplitude, and
are the polaron Larmor frequencies in the rotating frame and the detuning frequency, respectively. The zcomponents of the random hyperfine fields b z,µ follow a Gaussian distribution, entailing a Gaussian distribution of Larmor frequencies:
The most important physics of the PPR model is that the spin-selective recombination correlates the dynamics of each of the the spins in the pair. Indeed, if the recombination rate was the same for all four spin-pair states, then the Rabi beatings of the level populations would not affect the luminescence, and therefor no PLDMR would be detectable.
The essence of PLDMR technique is that the intensity of recombination shown in Fig. 1 exhibits a resonance as a function of δ, which becomes progressively pronounced as the microwave field amplitude ω 1 exceeds ω hf,µ . The PLDMR amplitude is directly related to the singlet exciton density n S . Therefore, the evaluation of resonance lineshapes reduces to finding n S versus δ, ω 1 , and ω hf,µ . One can naturally distinguish two regimes: weak drive, ω 1 ≪ ω hf,µ , and strong drive, ω 1 ≫ ω hf,µ . It might seem that, at weak drive Rabi oscillations do not occur. However, as the hyperfine fields are random, some spins will be at resonance. Their fraction can be estimated as [18] [19] [20] ∼ ω 1 /ω hf,µ . Our main result for weak drive is that these pairs dominate the resonance line shape, leading to the linear dependence of the resonance amplitude on ω 1 . This conclusion contrasts with the results obtained from simple rate equations 7 and from other studies of PP spin dynamics and recombination that exclude averaging over local hyperfine fields.
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In the strong drive regime, the physics underlying the resonance line shape is different. In this regime, not only are the four conventional spin-pair states not eigenstates, but actually |T +1 − |T −1 / √ 2 is close to an eigenstate, and it is decoupled from |S . This means it is a long-lived state. We will see that this decoupling is a consequence of the spin Dicke effect. 12, 13 It manifests itself as a minimum in the resonance line shape at zero detuning, which gradually takes over as the microwave drive increases, turning the resonance to fully negative.
More formally, under steady state conditions, the photoluminescence intensity, I, is proportional to the steady state singlet density,ñ S . The latter is found from the rate equation,
where G S is the photoexcitation rate of singlet excitons, R S is their decay rate, and α(δ, ω 1 ) is the rate of singlet exciton generation due to the PPR, Eq. (1), rendering the PLDMR within the PPR model. The normalized PLDMR is then given by
where the relation, G S ≫ α, common for many systems, is used in the last equality, and zero arguments correspond to ω 1 = 0, implying the absence of microwave drive; α(δ, ω 1 ) is governed by the spin dynamics of polaron pairs, to which we turn next.
B. Spin dynamics of weakly coupled electron-hole pair ensemble
The spin dynamics of a PP ensemble is analyzed by solving the stochastic Liouville equation for the spin density matrix ρ,
where the first term describes the spin dynamics due to the magnetic interactions governed by the spin Hamiltonian H, g is the PP generation rate, 1 is the identity operator, R dr represents the pair dissociation and recombination, and R sl -the spin-lattice relaxation processes. For simplicity, we neglect the spin exchange and dipolar interactions (generalization for the non-zero spin exchange and dipolar interactions will be discussed later). In the rotating frame, the spin Hamiltonian is given by
where ω e and ω h are local electron and hole detunings, see Eq. (3). They are different due to the different onsite hyperfine fields. S e,h stand for the electron-and hole-polaron spin operators (we set = 1). Conventionally, the spin-dependent recombination processes are described within the singlet-triplet basis of PP. We assume that the pair dissociation occurs at the equal rate k d from all spin states. In terms of the matrix elements we have
where α, β = +1, −1, 0, and S enumerate the singlet and triplet spin states |T +1 , |T −1 , |T 0 , and |S , respectively. For the spin-lattice relaxation we take the form,
This relaxation tends to equalize the state populations, with the rate 1/T sl .
As an important step, we introduce the complex Hamiltonian,
where w d = k d + 1/T sl and Π S = |S S| is the projection operator onto the singlet state. In terms of the complex Hamiltonian, Eq. (7) for the density matrix takes the form,
The observable quantities are described by the steady state density matrix,ρ, satisfying
We write the formal solution of Eq. (13) as
Thus, the matrix structure ofρ is posed by U . Another useful relation is found by taking the trace of the right hand side of Eq. (13):
whereρ SS = S|ρ|S is the singlet polaron pair population. Equation (15) is the balance equation between the generation of PPs and their destruction, taking place from the triplet and singlet states with the rates k d and k d + k r , respectively. From Eqs. (14) and (15) we find:
As will be seen shortly, Eqs. (14) and (16) are sufficient for the calculation of α(δ, ω 1 ), which is the resonance lineshape. Most importantly, we will need only the eigenvalues of 4 × 4 complex Hamiltonian H. This bypasses the necessity of solving effectively 10 × 10 complex system of linear equations (13) . The calculation of resonance lineshape, α(δ, ω 1 ), involves also the averaging over the Gaussian distribution of hyperfine Larmor frequencies, Eq. (4):
Furthermore, for the PP generation rate one has g ∝ñ 2 P , whereñ P is the steady state density of polarons. Thus, from Eqs. (6) and (17) we write: where the constant, λ P , is determined by the PP formation cross section, proportional to the polaron mobility.
From now on we focus on the regime of weak recombination, k r ≪ ω hf . Still, before going into the details of analytical calculation, we outline in Fig. 2 the result obtained by solving Eq. (13) and performing the averaging in Eq. (17) numerically. The plot in Fig. 2 shows a steep increase at weak ω 1 ≪ ω hf , a maximum followed by a moderate decrease at ω 1 ω hf , and a very slow decrease to negative values with saturation at the strongest drives. This picture appears to be quite general for a wide range of model parameters. In addition, in the limits of weak and strong drive the curve can be described analytically. This is accomplished in the next subsection.
C. Perturbation with respect to small kr In the limit of slow recombination, k r ≪ ω hf , the perturbative approach applies. The unperturbed eigenstates of H are the eigenvectors of the Hamiltonian (8):
In the absence of recombination the pair partners are independent, so that the eigenvalues are given by
where Ω e,h are defined by Eq. (2).
In the presence of recombination, the eigenvectors are perturbed by the operator V = −i(k r /2)Π S , which is responsible for this process. The matrix form of this operator, V αβ = ϕ α |V |ϕ β , is found in Appendix A. It is conveniently parameterized by the angles,
The explicit form of the matrix reads:
where
The leading recombination-induced corrections to the eigenvalues Eq. (20) are given by the diagonal elements;
According to the standard perturbation theory, 22 the eigenstates of H are close to |ϕ α , when |ǫ α − ǫ β | ≫ k r for α = β. Here we make a crucial observation that for certain pairs for which Ω e and Ω h are anomalously close, this condition is violated. Such a "softening" of modes manifests the degeneracy in the perturbation theory. As a result, the eigenstates of H strongly deviate from |ϕ 2 and |ϕ 3 , and are determined by the small V .
The condition of softening is progressively satisfied as the drive increases. This is because |Ω e − Ω h | ≈ |ω 2 e − ω 2 h |/2ω 1 decreases with drive. As a result, |ϕ 2 and |ϕ 3 are close to
whereas the corresponding eigenstates of H are close to
This in turn suppresses the overall recombination. It is important to emphasize that the strong modification of eigenstates and the entailing lifetime anomaly is the consequence of the back-action of recombination on the quantum dynamics of PP spins. As pointed out in Refs. 12,13, there is a close analogy between the long living states and the subradiant modes in the Dicke effect.
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In previous studies of spin-dependent recombination this back-action is neglected (see, e.g., Ref. 24 ). The region of strong drive, where |Ω e − Ω h | k r , is difficult to access because of the degeneracy. The difficulty is circumvented in the following way. Neglecting all the off-diagonal elements of Eq. (22), except for V 23 and V 32 , induces an error in eigenstates and eigenvalues only of the order of k r /Ω µ and k 2 r /Ω µ , respectively, whereas the result for tr U remains correct to the leading order (this is analogous to the secular approximation widely used in the theory of magnetic resonance 25 ). Therefore we proceed by replacing V = −i(k r /2)Π S in Eq. (11) withṼ
This replacement retains all the eigenvalues and eigenvectors of H to the leading order, and allows the direct evaluation of the operator U from Eq. (14) . We find:
(as shown in Appendix A, the replacement of V byṼ , amounts to ∼ (k r /Ω µ ) 2 order terms, so that Eq. (28) is highly accurate). Notably, the δ-and ω 1 -dependence of tr U enters in Eq. (28) via the angles, φ eh , and the energy, ǫ 2 . Analytical expression Eq. (28) is the main result of this Section. We emphasize again that it is derived without solving the 10 × 10 equation (13) .
The microscopic origin of the two terms in Eq. (28) is easy to trace back. The first term comes from the diagonals of V and describes the interplay of spin dynamics and recombination far from the degeneracy. This term is dominant at weak and moderate drive, ω 1 ω hf . The second term originates from the off-diagonal elements, V 23 and V 32 , and becomes important with the onset of degeneracy. It quantifies the microwave-induced Dicke effect, prevailing at strong drive, ω 1 > ω hf .
The first term in Eq. (28) is monotonically decreasing function of sin 2 2φ eh . At the same time, the second term in Eq. (28) is monotonically increasing function of cos 2 φ eh . This observation yields the estimate,
for the upper and lower bounds of tr U . For k r ≪ w d , the left and right sides of Eq. (29) are both close to 4/w d , while they are quite different in the opposite limit, k r ≫ w d . This means that, in the first case, magnetic resonance can induce only a weak relative variations of tr U , and therefore of α, whereas a considerable relative change in α is possible in the latter limit.
D. Averaging over the random hyperfine fields for slow spin-lattice relaxation
We defer the discussion of finite spin relaxation to the end of this Section, and proceed with the case of long coherence time,
r , From Eq. (29) it follows that in this case (1/4T sl ) trU ≪ 1, so that the denominator of Eq. (16) can be treated perturbatively, yielding
Thus, finding the hyperfine average, L hf , reduces to averaging of Eq. (28) over the Gaussian distribution of Larmor frequencies:
(for simplicity we assume that the mean square deviations of the Gaussian distributions are the same; ω hf,e = ω hf,h = ω hf , unless it is stated otherwise).
Zero detuning
For zero detuning, δ = 0, the random variables x = (ω e + ω h )/2ω 1 and y = (ω e − ω h )/2ω 1 have the same Gaussian distribution,
Relevant quantities entering in Eq. (28) are given by sin 2 (2φ eh ) = 4y
and
Below, the averaging is performed analytically, in the limits of weak and strong drive.
Weak resonant drive, ω1 ≪ ω hf
In the limit of weak drive the second term of Eq. (28) is negligible, because the PP realizations with 4ε 2 2 w d k r , for which this term is appreciable, have the probability ∼ √ w d k r /ω hf ≪ 1. Therefore, in this limit we neglect the second term of Eq. (28). For typical pairs under a weak resonant microwave one has |x|, |y| ≫ 1, so the approximate relation,
can be used with the first term of Eq. (28), leading to
(37) For aβ 0 > 1 (ω 1 < aω hf ) the integral (36) further simplifies, as in this case it is dominated by the narrow region, |x| − |y| 1/a < β 0 . Due to the latter relation, the distribution of |x| − |y| can be replaced by the constant, 1/ √ 2πβ 0 , and the resulting integral can be calculated. This gives:
The linear dependence Eq. (38) of PLDMR amplitude on ω 1 corresponds to ∝ √ P mw dependence on the microwave power, P mw . This result agrees well with that of Ref. 13 and differs from the earlier predictions of ∝ P mw dependence.
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3. Strong resonant drive, ω1 ≫ ω hf
In the case of strong drive the second term of Eq. (28) is also important. In this case one typically has |x|, |y| ≪ 1, and therefore the approximations,
can be used in the first and second terms of Eq. (28), respectively. Also, exploiting 2ω
, in the second term we replace cos 2 (φ eh ) by 1, neglecting a term ∼ y 2 . In terms of the constants,
and the universal functions,
where erfc(z) is the complementary error function, and H 0 (z), Y 0 (z) are the zero order Struve and Bessel functions, respectively, our result reads:
Considering the simple properties of f 1 (z) and f 2 (z), plotted in Fig. 3 , are expressed via ω hf and the kinetic parameters, w d and k r . This is illustrated in Fig. 3 , where we plot L(ω 1 ) found by numerically solving Eq. (13), together with the asymptotes, Eqs. (38), (43). In Fig. 3 we used the parameters inferred for a semiconducting fluorescent polymer, 26 implying w d ≪ k r .
E. Lineshape analysis
As illustrated in Fig. 4 , the resonance lines can be divided into four groups by their shapes. At weak drive, corresponding to the region of initial linear growth in Fig. 2 , the lineshapes are double Gaussian. In the region near the maximum in Fig. 4, ω 1 ω hf , the lines deviate from double Gaussian and become broader. The next, third group includes the lines with a minimum at resonance and two mirroring maxima at the sides, is found for ω 1 ω hf , and the fourth type of lines, showing completely negative resonance, appear at the strongest drives, ω 1 ≫ ω hf . As discussed shortly, the two latter lineshapes are clear fingerprints of the spin Dicke effect.
The analytical forms of lineshapes can be found from Eqs. (28), (31) , where the local Larmor frequencies are distributed by Eq. (4), with the non-zero detuning δ. At weak drive and for the general case of unequal electron and hole hyperfine coupling strengths, Eq. (36) is valid with a modification of the product, P(x)P(y). The result of the asymptotic evaluation of the corresponding integral,
hf,e
is the generalization of Eq. (38) for ω hf,e = ω hf,h . The red curve in Fig. 4 represents such a double Gaussian. Experimentally, this is the most easily accessible domain of drive. For stronger microwave strength, while the lineshapes are still accurately described by Eqs. (28) and (31), only a qualitative analysis will follow. The green curve in Fig. 4 is the line with the largest amplitude, occurring at ω 1 = ω max 1 < ω hf . It is broader than the double Gaussian Eq. (44). Both the red and green curves in Fig. 4 are well described by the first term of Eq. (28), meaning that the Dicke subradiant state is not efficient at this microwave strength.
With the further increase of microwave strength over ω hf , the line amplitudes decrease and central dips appear, as seen for the blue and cyan lines in Fig. 4 . This signifies the onset of the subradiant mode, whose contribution is negative. The contribution of this mode overruns the regular term, which in turn becomes progressively smaller, at yet stronger microwave fields. In Fig. 4 , the cyan line shows the situation where the signal is zero exactly at the resonance, and the magenta line depicts a fully negative resonance line. The latter represents the form at which the lines saturate at the strongest drives.
F. Finite spin-lattice relaxation
From Eqs. (11) and (14) it is easy to see that the operator U depends on the spin relaxation and the nonradiative decay only through the combination, w d = k d + 1/T sl . At slow spin relaxation the approximation Eq. (30) is valid, and therefore, up to an inessential overall factor, L also depends on w d , rather than on k d or T sl . Thus, in the limit 1/T sl ≪ k d , we encounter the conventional property of the additive inverse lifetimes.
To scrutinize the regime of intermediate spin relaxation, 1/T sl k d , we perform numerical simulations based on the exact formula Eq. (16) . The results of our numerical analysis show that, besides the additive feature , illustrated in (c), the approximate curves deviate form the exact ones substantially. Still, approximate lines can be made very close to the exact ones with individual normalization for each ω1 (black dots).
of inverse lifetimes, the main effect of the spin relaxation is the overall reduction of the amplitude of L. However, the latter effect is inessential because of the overall normalization uncertainty in real experimental conditions. Figure 5 compares the finite spin relaxation results from the hyperfine averaged exact equation (16) , Fig. 5(c) . Apparently, this could mean that the effect of spin relaxation can be resolved from that of the non-radiative recombination in the limit of strong drive. However, the approximate lines can be made very close to the exact ones upon applying different normalization factors for different ω 1 -values, see Fig. 5(c) . Therefore, in order to resolve the spin relaxation effects, multiple resonance lines at different strong drive fields are necessary.
III. THE TRIPLET EXCITON-POLARON QUENCHING (TPQ) MODEL
Various schemes employing the TPQ mechanism have been invoked in the literature to date.
6,27-29 Although different in many aspects, all these schemes stem from the spin dependent reaction between a triplet exciton, TE, and a polaron, P:
where S 0 stands for a singlet ground state and * denotes a possibly excited state. While the right hand side of Eq. (45) is spin doublet, the triplet exciton-polaron complex (TEP) in the left hand side can form two different spin multiplets, a quartet and a doublet. Hence the spin dependence of the reaction (45), which can occur only from the doublet state of the initial complex. Furthermore, under magnetic resonance conditions, the TEP spin multiplicity, and therefore the reaction yield of Eq. (45), can be altered by a microwave drive. The reaction (45) does not involve singlet excitons (SE), and the SE density, n S , becomes sensitive to the reaction yield because of a quenching of SEs by TEs and polarons. Ultimately, this quenching facilitates the optical detection of the microwave-induced reaction yield of Eq. (45). For simplicity, we will consider the quenching by TEs only, described by the the rate equation,
where the SE generation and decay rates, G S and R S respectively, are the same as in Eq. (5), whereas R ST is the SE -TE quenching rate. For the TE density, n T , one has:
where G T and R T are respectively the TE generation and decay rates, and β(δ, ω 1 ) is the rate of the TE population decline due to the reaction (45), which depends also on the polaron density, n P . Under typical conditions, the non-linear terms in Eqs. (46), (47) are small perturbations, and the steady-state densities are quite accurately given by the first two terms in the rate equation right hand sides:
Note that the description Eqs. (46)- (48) is valid for not very strong photoexcitation power P L , ensuring a linear regime withñ S ∝ P L (G S ∝ P L ). In order to describe the magnetic field effects, higher order corrections to Eq. (48) must be considered. From Eqs. (46), (47) we find:
The microwave-induced change of population, ∆ñ S = n S (ω 1 ) −ñ S (0), is found from Eq. (49) to be
where we have used the leading order results, Eq. (48), and the relation, G S ≫ G T . We derive β(δ, ω 1 ) in Appendix B from the stochastic Liouville approach, by assuming that the steady state TEP generation rate is given by the product, λñ PñT , where λ is a constant determined by the TEP formation cross section. We get:
where Γ(δ, ω 1 ) is governed by the TEP spin dynamics and recombination. Thus, the (normalized) optically detected signal, ∆I/I = ∆ñ S /ñ S , is given by
For the following discussion we present the zerodetuning result for Γ(ω 1 ) ≡ Γ(0, ω 1 ), established in the limit of weak dissociation and recombination, and negligible coupling between the polaron and TE spins (see Appendix B). Figure 6 depicts the processes underlying the TPQ model. It includes the TEP generation rate, g, the dissociation rate, q d , the rate of the reaction Eq. (45) from the doublet manifold, q r . Not shown in Fig. 6 are the TEP spin-lattice relaxation time, T sl , and the polaron hyperfine coupling magnitude, ω hf . In the limit of long spin coherence times, T sl > 1/q d , and slow dissociation and recombination, q d , q r ≪ ω hf , we find Γ(ω 1 ) − Γ(0) = Γ 0 f 1 (ω 1 /ω s ), and therefore
are constants. The function f 1 (z) appeared earlier in PPR model, see Eq. (41). It is plotted in Fig. 3 inset. It grows from zero linearly, and saturates to unity at z > 1. This translates into the initially linear growth of ∆I/I, and saturation toñ
Note that Eq. (53) represents the contribution from only one species of polarons. To account for the other, charge-conjugated species, a term similar to that in the right hand side of Eq. (53) must be included, with the corresponding values of λ, Γ 0 , R ST , R S , R T , and ω s .
IV. DISCUSSION AND SUMMARY
The present study of the magnetic resonance-induced variation of singlet exciton recombination is based on the description of spin dynamics and recombination by means of stochastic Liouville equations. For the PPR model, we have demonstrated a solution method yielding the answer in terms of the eigenvalues of 4 × 4 complex Hamiltonian, instead of the solution of effectively 10×10 complex linear system of stochastic Liouville equations. Analytical results supported by the direct numerical solution of stochastic Liouville equations are found in the limit of weak singlet recombination. The microwaveinduced spin Dicke effect, stemming from the back-action of recombination on the quantum dynamics of spin pairs, is identified and described quantitatively.
We have considered a spin-lattice relaxation, uniform with respect to the spin multiplicity. If the relaxation time is not too short, the main effect of this relaxation is additive to that of the dissociation and non-radiative recombination of the polaron pairs. We have shown that it can influence the resonance lines only at strong drive, whereas at weak drive it leads to the overall scaling of resonance amplitudes. Note in passing that our approach naturally takes into account the dominant T 2 -processes, originating from the random hyperfine interaction.
Our analysis excludes the exchange and dipolar interactions between the spin pairs, although these interactions can be readily included in the presented perturbative scheme. This is done for the sake of simplicity, since our direct numerical simulations show that the effect of these interactions is minor, given that they do not exceed the average hyperfine coupling strength.
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The TPQ model is treated along the same lines. However, calculations in this case are greatly simplified due to the presence of relatively strong zero-field splitting of triplets, making these states off resonance.
Concurring results are found from the PPR and TPQ models at weak drive. Namely, if the TPQ reaction Eq. (45) is equally probable for the electron and hole polarons, the lineshapes from the two models are the same for ω 1 ≪ ω hf , and are given by the sum of two Gaussians, Eq. (44).
More importantly, we uncover two substantial differences in the predictions of the PPR and the TPQ models. First and foremost, the dissimilar dependence of the microwave-induced signal on the steady-state densities, ∆I ∝ñ 2 P (PPR), ∆I ∝ñ SñPñT (TPQ), (55) cf. Eqs. (18) and (53), respectively, leads to the remarkably different results for the dependence of ∆I/I on the photoexcitation power, P L . Far from saturation at high P L it is reasonable to expect thatñ S ∝ P L ,ñ P ∝ P L , andñ T ∝ P L crossing over toñ T ∝ P 2 L (the position of crossover depends on the efficiency of the intersystem crossing from SE to TE and the TE generation from non-geminate polaron pairs 31 ). For the TPQ model, this results in ∆I/I ∝ P The second important difference between the predictions of the two models comes from the fact that, at the polaron spin-1/2 resonance, TEs are mainly off resonance because of a relatively strong zero-field splitting. As a result, the lineshapes and the saturation behavior from the two models are different at strong drive. Specifically, the TPQ leads to the resonance lines featuring a single maximum, and relatively fast saturation of ∆I/I to positive values at ω 1 ∼ ω hf , much like in the ordinary ESR. In contrast, the PPR model predicts resonance lines with two maxima around the central dip at ω 1 ω hf , evolving into the completely negative resonance at ω 1 ≫ ω hf , where ∆I/I saturates to negative values (see Figs. 2  and 4 ). These differences are of relevance for resolving the contributions of the two mechanisms experimentally, via continuous wave PLDMR measurements.
Finally, we note that this study did not address the predictions for the observables which are measured using the double modulation (DM) PLDMR technique. 6, 8 In this technique the laser excitation power is modulated at certain frequency f L , and a lock-in amplifier filters out the delayed photoluminescence that is slower than f L . Therefore, by the design, the DM-PLDMR measures only the prompt component of the photoluminescence. The results obtained using the DM-PLDMR 6,8 are independent of f L up to 100 kHz. In this regard, we would like to note that our Eq. (55) offers a certain prediction for DM-PLDMR. Namely, the proportionality of ∆I toñ S renders the interpretation of the DM-PLDMR results 4, 6, 8 in favor of the TPQ model. Further theoretical studies aimed at more quantitative predictions for DM-PLDMR are underway.
The structure of the matrix (B8) indicates that the system reduces to three two-level subsystems, which are decoupled in the leading order. 
